This study demonstrates neural stem cells forming neurosphere-like three-dimensional adherent spheroids on chitosan membranes. Their state can be maintained for at least fifteen days, during which period the spheroids increase their size and number. After this period, the neural stem cells start to migrate out of the spheroids, which change in size when the culture period is prolonged. It is believed that the spheroid formation on chitosan can maintain the self-renewal and plasticity of neural stem cells for weeks, with differentiation possibly occurring at a later period. The culture of neural stem cells on certain chitosan membranes can be used to purify neural stem cells from a heterogeneous cell population.
Introduction
Neural stem cells (NSCs) from the central nervous system (CNS) [1] can potentially be used for healing neural injuries or disorders. NSCs can differentiate into neurons, astrocytes, and oligodendrocytes [2] [3] [4] . Studies have found that embryonic cortical NSCs are affected external components such as the medium and by several complex interactions among cells. Basic fibroblast growth factor (bFGF), epidermal growth factor (EGF) [3, 5] , and hepatocyte growth factor (HGF) [6] have been shown to induce the proliferation of embryonic precursors of the CNS to form neurospheres. Signals arising from cell-cell contact affect the fate of multipotent NSCs [7, 8] . A study showed that the three-dimensional (3D) architecture of NSC aggregates creates a microenvironment that promotes proliferation and cell-cell interaction involving the Notch1 pathway [9] . Another study found that bone morphogenetic protein 4 (BMP4) induced the attachment of neurospheres, astrocytic differentiation, and the migration of neurospheres, possibly through the phosphatidylinositol 3-kinase-Akt pathway [10] . Hence, 3D spheroids might maintain self-renewal, prolong stemness, and maintain the plasticity of NSCs. However, the mechanism of these cells forming into cell aggregates (clusters) or 3D spheroids is still not fully known.
Many natural and artificial polymers have been used as substrates for nerve regeneration in vitro and in vivo [11] [12] [13] . Nevertheless, there is little known regarding what directs the differentiation of NSCs on various substrates [8] . It is possible that NSCs respond to substrates, and that their fate is determined by the chemical properties of the substrates. Chitosan, a natural polysaccharide, has structural characteristics similar to those of glycosaminoglycans, whose functional behavior it seems to mimic. Previous studies have demonstrated the bacteriostatic [14, 15] and haemostatic [16] properties of chitosan. Furthermore, chitosan can be degraded into absorbable oligosaccharides by enzymes. Chitosan sources are very abundant, including crab and shrimp shells [17] . The degree of deacetylation (DDA) and the molecular weight (Mw) of chitosan depend on its production from chitin. An increase in DDA enhances crystallinity and tensile strength [18] .
In this study, NSCs were cultured on two different chitosan substrates without an induction medium. The cells formed 3D spheroids after 3 days on one of the substrates. Spheroids from NSCs were monitored over a long term and the stemness was confirmed using nestin immunostaining. Several physical properties of the two chitosan substrates were measured and compared. It is suggested that the transitional state of spheroids may help maintain the stemness of NSCs.
Materials and methods

Preparation of chitosan films
Two kinds of 1% chitosan, CS-1 (purchased from Fluka, USA) and CS-2 (purchased from Sigma, USA) were used. CS-1 has a Mw of about 510 kDa and CS-2 has a Mw about 400 kDa. They were both dissolved in 0.5 M acetic acid (Showa, Japan) by gentle stirring for 12 h at room temperature. The resulting solution was filtered through a 100-μm mesh. The chitosan solution was coated onto a round glass coverslip (100 l of solution on each 15-mm-diameter coverslip, Matsunami, Japan) and air-dried for 2 days. The chitosan membranes were then immersed in 0.5 N NaOH (Showa, Japan) solution for about 5 min, and washed extensively in distilled and deionized water until the water surrounding the membranes maintained a neutral pH value. Finally, the chitosan membranes were air-dried for the following experiments.
Characterization of chitosan membranes
The properties of the chitosan membranes prepared above were examined. The DDA was measured using nuclear magnetic resonance (NMR) (Varian Inova 600, USA).The superficial elastic modulus (at 25-150 nm below the surface) at two depths was measured using a nanoindenter (TriboLab, Hysitron, USA).The surface zeta potential values of the chitosan membranes were determined using a zeta potential and submicron particle size analyzer (Delsa™ Nano C, Beckman Coulter, USA) with the specific flat cell for film samples. The values were measured at least three times for each sample.
The hydrophilicity was judged from the surface water contact angle, as measured using an optical contact angle analyzer (American First Ten Angstrom Company, Model FTA-1000 B) at 25 °C and 70% relative humidity. The contact angle at at least six locations was measured and averaged.
The surface morphology of chitosan films was examined using an atomic force microscope (AFM, CP-II, Veeco, USA). The images were obtained by a cantilever (force constant of 20-80 N/m) with the tapping mode in air. The topography and phase images were recorded and the root-mean-square (RMS) average value of the surface roughness was calculated from a given area.
Cell maintenance
Murine NSCs were used for in vitro tests. The NSCs were isolated from the brain of adult transgenic mice and transfected with promoter F1B-green fluorescence protein (F1B-GFP) [19, 20] . The stable cell lines were obtained by selection with 200 μg/ml geneticin (G418, Gibco). The G418-resistant NSCs were pooled and expanded. GFP-positive mouse brain cells were enriched using a fluorescence-activated cell sorter (FACS Aria, BD Biosciences) repeatedly until greater than 95% purity was reached. Dulbecco's Modified Eagle's Medium and Ham's F-12 (DMEM/F12, Giboco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, USA), 400 g/ml G418, and streptomycin-penicillin (100 U/ml) were used as the culture medium [20, 21] . Cultures were incubated in a humidified incubator with 5% CO 2 at 37 °C . The medium was refreshed twice weekly. NSCs with F1B-GFP show green fluorescence when they are not differentiated. The green fluorescence disappears when NSCs differentiate, which normally occurs when NSCs are cultured on tissue culture polystyrene (TCPS) plates without growth factors.
Cells cultured on chitosan membranes
Prior to cell seeding, the chitosan membranes on glass coverslips were soaked in 75% ethanol, washed in phosphate-buffered saline (PBS), and then placed into each well of a 24-well culture plate. The NSCs were seeded at the density of 5 × 10 4 cells per well. At different time points, the cell morphology was observed using an inverted microscope (Leica, DMIRB) connected to a digital camera (Nikon, DS-Ri1). Fluorescence and bright-field images were recorded at different time points. The chitosan membranes remained on the coverslip during the whole culture period.
To compare cell aggregation behavior, another type of stem cell, namely human bone marrow mesenchymal stem cells (BMSCs, Cambrex, USA), were used in the experiments. BMSCs of the same density were cultured and seeded on chitosan membranes in wells and their assembling was observed at different time points.
SEM images
Samples were fixed in 2.5% glutaraldehyde in PBS (pH 7.4) for 2 h. They were washed three times with PBS, and postfixed in 1% OsO 4 (in PBS) for 60 min. After being washed another three times in PBS, the samples were dehydrated in a graded series of alcohol (50-70-95-100%). Finally, the samples were dried but not coated with gold. The spheroids on the chitosan membranes were observed using a scanning electron microscope (SEM, Quanta 200, FEI, USA).
Immunofluorescence staining
To evaluate the differentiation state of the NSC spheroids on the chitosan membranes, cell markers (nestin for NSCs; β3-tubulin for neurons) were stained with antibodies by immunofluorescence. Cells cultured for different periods of time were fixed in 4% paraformaldehyde. They were washed three times with PBS. 500 μl of 0.5% Triton X-100 (t-octylphenoxypolyethoxyethanol, Sigma, USA) was added for 10 min to break the cell membranes and nuclear membranes. The samples were washed several times in PBS and 200 μl of the primary antibodies was added in the dark for 1 h. Then, the samples were washed and 200 μl of secondary antibodies was added. The samples were incubated at 37 °C in the dark for 1 h. To stain the cell nuclei, 200 μl of 0.01% 4,6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma, D9542, USA) was added in the dark for 30 min. Finally, the samples were washed and then mounted on microscope slides and sealed by glycerol gel. The samples were observed using an upright fluorescence microscope (Nikon, 80i). The primary antibodies and their dilution ratios were used as follows: anti-nestin (R-20) goat-poly IgG antibody (Santa Cruz, USA; 1:1000) and anti-β3-tublin mouse-mono IgG (Santa Cruz, USA; 1:1000). The secondary antibodies and their dilution ratios were FITC-conjugated goat anti-mouse IgG (diluted with horse serum protein; 1:100; Chemicon, CA) and goat anti-rabbit IgG-horeseradish peroxidase (HRP) (Santa Cruz, USA; 1:100).
Statistical analysis
Data from the experiments were expressed as mean ± standard deviation. Statistical differences were analyzed using the Student t test. p < 0.05 was considered as statistically significant.
Results
Characterization of materials
The chitosan membranes fabricated in this study were 15 mm in diameter and 4.79 ± 0.25 μm in thickness. The DDA, wet modulus, surface zeta potential, and surface water contact angle values for the chitosan membranes and TCPS are shown in Table 1 . CS-1 had a DDA value of ~ 77.7% and CS-2 had a DDA value of ~ 86.0%. When the DDA of chitosan increased (as in CS-2), the surface water contact angle decreased (i.e., surface became more hydrophilic). The surface of both types of chitosan was more hydrophobic than that of TCPS. The surface zeta potentials of CS-1 and CS-2 were both negative, but close to neutral. The modulus and hardness of the two types of chitosan in the nanometric scale are shown in Fig. 1 . The hardness of the surface (indentation at ~ 50 nm) for CS-1 was similar to that of the interior (indentation at 100 ~ 150 nm). The hardness of the surface for CS-2 was higher than that of the interior, and higher than the surface hardness of CS-1. The AFM images (Fig. 2) show that both types of chitosan were relatively flat with nanocrystalline harder domains. CS-2 was rougher than CS-1. In the phase image of CS-2, the nanocrystalline domains were small and showed a certain orientation, suggesting a densely packed crystalline structure. Although the wet mechanical strength of the hydrated chitosan in the culture medium may have been smaller than that of the dried membranes, CS-2 remained harder by about 20% when fully hydrated (data not shown). Table 1 . Properties of two types of chitosan (CS-1 and CS-2) and tissue culture polystyrene (TCPS). gelatin. The morphology of cells was elongated. No cell aggregates were observed on TCPS and gelatin even after a few days. In contrast, the NSCs cultured on chitosan started to aggregate after 1 ~ 2 days and eventually formed spheroids (Fig. 4) . Although cells cultured on both types of chitosan formed spheroids at the mentioned density, the times required for spheroid formation and average sizes of spheroids were quite different. During the first 24 h, the shape of most cells was round. At 48 h, most cells had aggregated. The number and size of spheroids on CS-1 were in general greater than those on CS-2. On CS-2, some slightly aggregated cells (Fig. 4(b) , 2 days) either formed larger aggregates (upper-right corner of the figure, at 3 days) or finally attached (middle of the figure) later, which was confirmed by real-time imaging. To confirm that the spheroids are 3D rather than just cell aggregates, SEM images were taken (Fig. 5) . The side view of the spheroids clearly shows a 3D structure. The optical images of NSCs show spheroids of various sizes at each time point. With increasing time, the average size of spheroids increased, reaching a maximum of about 100 µm. At 3 days, the average size of spheroids on CS-1 was 77.19 ± 23.67 µm; at 5 days, it was 118.135 ± 55.45 µm. The fluorescence intensity observation of the NSCs reveals that the green expression faded at 15 days (Fig. 6(d) ). The green fluorescence of NSCs suggested that they were not differentiated. At 15 days, some cells began to migrate out from the spheroids. Therefore, the size of NSC spheroids changed quite dynamically after 15 days. The cells that migrated out did not show any green fluorescence, indicating that they had already differentiated. 
Behavior of NSCs on various materials
Immunofluorescence staining of NSCs
The expression of marker proteins of the NSCs cultured on CS-1 is shown in Fig. 7 (nestin) and Fig. 8 (β3-tubulin) . Nestin is the marker for NSCs while β3-tubulin is the marker for immature neurons. It was found that spheroids were strongly positive for nestin even at 21 days. The expression of nestin decreased slightly when the culture time increased (e.g., at 21 days). The expression of β3-tubulin was low during the whole period. 
Comparison of cell morphology between NSCs and BMSCs on chitosan membranes
BMSCs cultured on CS-1 also formed spheroids (Fig. 9 ). The morphology of BMSC spheroids, however, was somewhat different from that of NSC spheroids. The time required for spheroid formation was in general shorter for NSCs (2 days versus 4 days). 
Discussion
Chitosan is a commonly used biomaterial due to its biocompatibility and biodegradability. It has been shown that keratocytes cultured on chitosan can form spheroids and help maintain cell phenotypes [22] . In our results, NSCs cultured on chitosan also formed spheroids (Fig. 4) . The time required for spheroid formation and the size of spheroids were not the same for the two types of chitosan. The mechanism of spheroid formation from stem cells cultured on chitosan may be associated with certain characteristics of chitosan. Therefore, the properties of the materials were analyzed first. The surface water contact angle of chitosan decreased (hydrophilicity increased) with increasing DDA. This is consistent with an earlier report [23] . Since cells attach more easily on hydrophilic substrates, the NSCs attached better on TCPS than on chitosan. Further, the attachment of the NSCs on CS-2 was better than that on CS-1 and the spheroid formation was delayed simultaneously. Therefore, the difference in hydrophilicity may determine whether cells form aggregates. The surface charge of the two types of chitosan was negative. Therefore, the NSCs did not attach well and demonstrated aggregation. It has been reported that when the DDA of chitosan is increased, the number of amino group and intramolecular hydrogen bonds increases, which may lead to hardness and strong crystallinity. This is consistent with our results. Due to increased crystallinity and a harder surface, NSCs may have attached better on CS-2 than on CS-1 and formed spheroids less readily. CS-1 may promote the formation of neurospheres, which may be more relevant to future applications. Therefore, CS-1 was chosen as the cell culturing surface in the rest of this study.
The effect of substrate stiffness on the differentiation of adult NSCs has been previously investigated [24, 25] . It was found that substrate stiffness affects both proliferation and differentiation. Neuronal differentiation was favored on soft surfaces. Oligodendrocyte or glial differentiation was favored on stiffer scaffolds. However, these substrates promoted the attachment of NSCs. Unlike the hydrogels used in the previous studies, the chitosan biomaterials fabricated in our study promoted spheroid formation rather than the attachment of cells. However, the softness of chitosan may have influenced the differentiation of the cells.
The formation of spheroids from NSCs on chitosan is a very interesting phenomenon. NSCs in the form of floating cell aggregates, called neurospheres, can be differentiated into neurons and glial cells [26] . The 3D NSC spheroids obtained in this study resembled neurospheres from NSCs or embryoid bodies from human embryonic stem cells (hESC). This intermediate multicellular state may play a significant role in the further development and morphogenesis [27, 28] of stem cells. In our study, the NSCs in the spheroids remained neural progenitors (as evidenced by the nestin expression) even after a period of 21 days. Therefore, culture of NSCs on chitosan could be used to maintain the self-renewal and stemness of these cells, or to further purify NSCs from the cell population. BMSCs also formed spheroids, but not as quickly, and the cell aggregates were not as dense, suggesting a more heterogeneous population.
It is believed that two competing factors, cell-cell communication and cell-material interaction, determine if cells form spheroids on a specific biomaterial. Chitosan is a very unique material in that most tissue cells can attach and spread on it after a few hours while stem cells form spheroids on chitosan instead of attach and spread. On the other hand, we found that only certain chitosan materials strongly promoted the spheroid formation, but not all of them. Therefore, there are material factors (chemical and physical events) and cell factors (cellular events) that work together to contribute to cell spheroid formation. The material factors allow spheroids to form on only certain types of biomaterial (e.g., the fabricated chitosan membranes). The cell factors restrict the types of cell that can form spheroids on a specific biomaterial. The behavior of NSCs cultured on chitosan and photopolymerizable chitosan films has been reported [25, 29] . In these studies, the NCSs were found to attach and proliferate on the chitosan biomaterials rather than form spheroids. The advantage of the chitosan membranes used in this study was their low-adherence surface (cell-material interaction), which may counteract and balance cell-cell interaction. Some adhesive surfaces, such as TCPS, can interfere with cell-cell interaction that may be important for stem cell development. The low-adherence surface may cause cell apoptosis and growth inhibition. The chitosan used in the study, despite its low adhesion, did not induce cell apoptosis or prevent cell proliferation (data not shown).
In conclusion, adult NSCs formed multicellular spheroids on certain chitosan membranes. These spheroids mimicked neurospheres. Although its mechanism is unclear, the formation of spheroids may play a role in the development of stem cells. Future efforts should identify the mechanism associated with spheroid formation and its impact on the differentiation of cells.
